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INTRODUCTION 

Green R ive r  o i l  shale i n  the western U n i t e d  S ta tes  i s  cons idered by many as 
second only  t o  coal as the  l a r g e s t  p o t e n t i a l  source of  f u e l  i n  the  energy f u t u r e  of 
t h e  Un i ted  States. I n  a d d i t i o n ,  because o f  i t s  h igh  ind igenous hydrogen content ,  it 
i s  considered super io r  t o  coal as a p o t e n t i a l  feedstock f o r  convers ion i n t o  l i q u i d  
fue l s .  
from t h e  i no rgan ics  w i t h  which i t  i s  assoc iated.  Temperatures s u f f i c i e n t  t o  crack 
t h e  organics are used, and a very-h igh-n i t rogen,  uns tab le  "petroleum" i s  produced. 
It i s  forecasted by some s t r a t e g i c  p lanners t h a t  such o i l  shale syncrude could e n t e r  
i n t o  the  domestic market d u r i n g  the  next  decade and r e s u l t  i n  reduc t i on  i n  the  
n a t i o n ' s  dependency on overseas f u e l  suppl ies.  However, r e t o r t i n g  has not  y e t  
proven capable o f  producing a fue l  t h a t  i s  t r u l y  cost  compe t i t i ve ,  and present  
decreases i n  the  p r i c e  o f  crude pet ro leum have reduced a t  l e a s t  t he  sho r t  term 
commerical p o t e n t i a l  o f  a l l  synfuels .  

O i l  shale r e t o r t i n g  centers  around hea t ing  the  m a t e r i a l ,  which i s  t y p i c a l l y  85% 
rock, t o  about 480Y (900°F) or  h ighe r  i n  a low oxygen environment (1). The kerogen 
and bitumen i n  the  rock are decomposed i n t o  o i l ,  gas, and a res idua l  char which 
remains w i t h i n  the  rock. Under favo rab le  c i rcumstances ( l a b o r a t o r y  a n a l y s i s  by mod- 
i f i e d  F i sche r  assay) 70 w t %  o f  the organic  ma t te r  i s  conver ted t o  o i l  upon hea t ing  
t o  5OO0C, and the  remainder i s  conver ted t o  about 15% gas and 15% char (1,Z).  These 
y i e l d s  change when o i l  shale i s  processed i n  p ro to type  commercial r e t o r t s .  O i l  
y i e l d  i s  reduced f rom 10% t o  30% below m o d i f i e d  F i sche r  assay y i e l d s ,  depending on 
t h e  process (1 ,3 ) ,  and char and gas y i e l d s  are co r respond ing ly  increased. 

The energy content  o f  t he  organic  matte; not  conver ted t o  o i l  exceeds net  p ro -  
cess heat requirements f o r  o i l  shale r e t o r t i n g .  The excess depends on the organic  
content  o f  the shale and the  process design, but  f o r  w e l l  developed processes u s i n g  
a medium grade o f  shale ( roughly  11 t o  15 w t %  o rgan ic  m a t t e r )  t h e  excess can be 100% 
g rea te r  than heat requirements. For instance,  t h e  TOSCO I 1  process i s  based on d i s -  
c a r d i n g  100% o f  the char produced from 11% organ ic  ma t te r  shale (1). The excess can 
be double or  t r i p l e  t h i s  amount when r i c h e r  m a t e r i a l  i s  processed. 

The energy conta ined i n  the char  and gas by-products t y p i c a l l y  cannot be used 
e f f i c i e n t l y .  The gas produced i s  o f t e n  g r e a t l y  d i l u t e d  w i t h  n i t r o g e n  and carbon 
d i o x i d e  ( l ) ,  and t h e  heat content  and i t s  e f f i c i e n c y  o f  usage are g r e a t l y  reduced. 
I n  a d d i t i o n ,  t he  energy generated by combustion o f  t h e  r e s i d u a l  char  i n  t h e  rock i s  
cons ide rab ly  l ess  than might be a n t i c i p a t e d ,  because o f  h i g h  temperature endothermic 
minera l  carbonate decomposit ions ( 4 )  which occur when t h e  char  i s  burned. I n  shor t ,  
t h e  fue l s  are i n  d i l u t e  forms and the  energy contents  have low thermodynamic a v a i l -  
a b i l i t y .  This seve r l y  reduces o r  e l i m i n a t e s  t h e i r  commercial value. Areas i n  which 
western o i l  shale would be developed con ta in  l i t t l e  o r  no nearby i n d u s t r i a l  base 
which cou ld  use such f u e l ,  and the gas and char would r e q u i r e  p r o h i b i t i v e l y  c o s t l y  
t r a n s p o r t .  Th is ,  combined w i t h  very low value, causes char  and gas i n  excess of  
process f u e l  requirements t o  be waste d isposal  problems, r a t h e r  than s a l a b l e  
byproducts. 

The organic  ma t te r  i n  o i l  shale i s  c o n v e n t i o n a l l y  separated by r e t o r t i n g  
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The above c h a r a c t e r i s t i c s  o f  r e t o r t i n g  are drawbacks, s ince energy i n  sa lab le  
form i s  the  only  product .  
s i v e  conversion o f  organic  m a t t e r  t o  char  and gas, and t h e  low value o f  t he  d i l u t e d  
energy content  o f  these by-products  combine t o  reduce the  ne t  s a l a b l e  energy t o  1/3 
t o  1/2 below t h a t  conta ined i n  t h e  raw o i l  shale. This i s  a techn ica l  problem con- 
t r i b u t i n g  t o  an u n c e r t a i n  f u t u r e  f o r  present  schemes, and new technology could be 
u s e f u l .  

S u p e r c r i t i c a l  gas (SCG)  e x t r a c t i o n  has the p o t e n t i a l  t o  make the  energy i n  o i l  
sha le  a v a i l a b l e  i n  more concentrated form, because of  t he  h igh  so l ven t  e x t r a c t i o n  
a b i l i t y  o f  s u p e r c r i t i c a l  gases. SCG e x t r a c t i o n  has been the  sub jec t  o f  a number of 
papers and rev iews (5-8), and e x t e n s i v e  study has been made of  a p p l i c a t i o n s  t o  coal 
(7-12). 
produc ts  i s  e f f e c t e d  a t  temperatures of around 35OOC t o  450'C. E x t r a c t  y i e l d s  i n  
excess of 5 0 %  o f  t he  o rgan ic  m a t t e r  i n  coal and we l l  i n  excess o f  v o l a t i l e  m t t e r  
con ten ts  have been repo r ted  (12)  when chemica l l y  i n e r t  SCG so l ven ts  are used. The 
S C G  e x t r a c t i o n  a b i l i t y  i s  due t o  n e a r - l i q u i d - d e n s i t y  so l ven t  power combined w i t h  gas 
phase mass t r a n s f e r  and p e n e t r a t i o n  p r o p e r t i e s  which i n h i b i t  cok ing r e a c t i o n s  t h a t  
produce char and gas (8) .  An ou ts tand ing  c h a r a c t e r i s t i c  o f  the e x t r a c t s  i s  t he  high 
molecular  we igh t  ( l l ) ,  a p r o p e r t y  no t  c h a r a c t e r i s t i c  o f  m a t t e r  which i s  s imply  
v o l a t i l i z e d  from coal .  These r e s u l t s  suggest t h a t  SCG e x t r a c t i o n  might be success- 
f u l l y  app l i ed  t o  o i l  shale. I n  s p i t e  of t he  drawbacks associated w i t h  convent ional  
o i l  shale r e t o r t i n g  and the  h igh  SCG c o a l  e x t r a c t i o n  r e s u l t s ,  d e s c r i p t i o n  o r  d iscus-  
s i o n  o f  SCG o i l  shale e x t r a c t i o n  i s  apparen t l y  absent fran t h e  l i t e r a t u r e ,  with the  
excep t ion  o f  a recent  pa ten t  (13) .  

Requirements f o r  hea t ing  rock t o  h igh  temperature, exces- 

I n  the  case o f  coal ,  simultaneous p y r o l y s i s  and e x t r a c t i o n  o f  p y r o l y s i s  

EXPERIMENTAL 

Exper imentat ion was performed w i t h  an apparatus s i m i l a r  t o  t h a t  descr ibed 
elsewhere (10) .  The apparatus i s  a 300 cc s t a i n l e s s  s t e e l  r e a c t o r  w i t h  a t tendan t  
gauging and con t ro l s .  The o i l  shale,  8 grams o f  ma te r ia l  w i t h  p a r t i c l e  diameters 
rang ing  between 50 and 188 microns,  was enclosed i n  a f i n e  mesh s t a i n l e s s  s t e e l  
basket  l oca ted  near t h e  t o p  o f  t h e  r e a c t o r  and under a f l u i d  c i r c u l a t i n g  s t i r r e r .  
Th is  l o c a t i o n  e l im ina ted  any con tac t  between l i q u i d  so l ven t  and the  o i l  shale. 
Exper imentat ion was performed by p l a c i n g  l i q u i d  so l ven t  (approx imate ly  150 grams) i n  
the  reac to r  bottom, i n s e r t i n g  t h e  e x t r a c t i o n  basket a t  t he  top o f  t h e  reac to r ,  and 
then hea t ing  r e a c t o r  and contents  t o  t h e  chosen exper imenta l  temperature. The reac- 
t o r  was mainta ined a t  constant  temperature f o r  f o u r  hours and subsequently a l lowed 
t o  coo l .  Heat-up and cool-down t imes  were both approx imate ly  1 hour. Selected 
e x t r a c t s  were separated from t h e  condensed SCG by vacuum d i s t i l l a t i o n  a t  10 t o r r  
w i t h  a n i t rogen  f l o w  a s s i s t .  Raw and e x t r a c t e d  shale were analyzed f o r  carbon, 
hydrogen, and K je ldah l  n i t rogen ,  and r e s u l t s  were compared w i t h  analyses o f  raw 
sha le  (Table 1) t o  d e r i v e  values of t h e  e x t r a c t i o n  e f f i c i e n c y  o f  o rgan ic  ma t te r  and 
t h e  H/C r a t i o s  o f  t he  e x t r a c t s .  It was assumed i n  these c a l c u l a t i o n s  t h a t  elemental 
c o n s t i t u e n t s  o f  o i l  shale o rgan ic  m a t t e r  o t h e r  than C, H and K j e l d a h l  N [i.e., 
oxygen and s u l f u r  a t  a t o t a l  o f  about 6 w t %  ( l ) ]  were e x t r a c t e d  w i t h  the  same e f f i -  
c i ency  as the  t o t a l  e f f i c i e n c y  i n  e x t r a c t i n g  C, H p l u s  N. E x t r a c t  molecular  weights 
were determined by gel permeation l i q u i d  chromatography u s i n g  d e t e c t i o n  by d i f f e r e n -  
t i a l  re f rac tomet ry  and w i t h  methylene c h l o r i d e  as so lvent .  Separate r e f r a c t i v e  
i n d i c e s  of t h e  bulk  e x t r a c t s  were determined by d i s s o l v i n g  t h e  bitumens i n  carbon 
t e t r a c h l o r i d e  and e x t r a p o l a t i n g  r e s u l t s  t o  zero so l ven t  content  o r  by d i r e c t  de te r -  
m i n a t i o n  for the  o i l .  

RESULTS 

Th is  work shows t h a t  up t o  92% o f  t h e  o rgan ic  m t t e r  i n  o i l  shale can be 
e x t r a c t e d  us ing  a s u p e r c r i t i c a l  gas. Resu l t s  (F igu re  1 and Table 1 )  show f o r  
t o l u e n e  an e s s e n t i a l l y  l i n e a r  temperature dependence f o r  t h e  percent  o f  t o t a l  
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organ ic  mat ter  e x t r a c t e d  ( e x t r a c t i o n  e f f i c i e n c y )  i n  the  range 330' t o  393OC. 
b lank experiment a t  385OC u s i n g  pure n i t r o g e n  a t  0.21MPa shows the d i f f e rence  
between e x t r a c t i o n  w i t h  a dense gaseous so l ven t  and a s imple v o l a t i l i z a t i o n  w i thou t  
so l ven t  e f f e c t s .  
w i t h  molecular weights  ranging up t o  about two thousand. 
e x t r a c t  i s  a shale o i l  w i t h  an average molecular  weight o f  about 300. The H/C atom 

A 

Toluene e x t r a c t s  a t  a l l  temperatures except  45OOC are bitumens 
A t  450'C t h e  to luene  

\ r a t i o  of these e x t r a c t s  averages 1.65. 

i Sol vent  

To1 uenet  

'\ 

Py r i d i  ne 
N i t rogen  

TABLE 1 

E x t r a c t i o n  Cond i t i ons  and Resu l t s *  

Temperature Pressyge SCG Dens i t y  TOM? Removed 
("C) (MPa) (gm/cc) ( w t % )  

330 
340 
357 
385 
393 
450 

t 363 
385 

6.9 
7.2 
8.3 

13.8 
15.2 
22.4 
7.6 
0.21 

0.53 
0.53 
0.53 
0.53 
0.53 
0.53 
0.55 
0.0013 

33.8 
40.5 
54.7 
80.1 
87.5 
92.5 
63.3 
16.9 

* M a t e r i a l  Ext racted:  12.9 w t %  organic  ma t te r  raw o i l  shale (21  g a l l o n / t o n )  
produced a t  Anv i l  Po in ts ,  Colorado. Organic carbon and 
hydrogen con ten ts :  10.3 and 1.53 wt%. K je ldah l  n i t r o g e n  
con ten t :  0.27 w t % .  

** 0.101 MPa/Atm 

t To ta l  organic ma t te r  

tt C r i t i c a l  parameters: t o luene  - 319OC. 4.11 MPa; p y r i d i n e  - 347OC. 5.63 MPa 

DISCUSSION 

The r e s u l t s  demonstrate t h e  powerfu l  so l ven t  p r o p e r t i e s  o f  s u p e r c r i t i c a l  gases 
and p rov ide  i n c e n t i v e  f o r  f u r t h e r  i n v e s t i g a t i o n  o f  SCG o i l  shale e x t r a c t i o n .  
Residual  organic  ma t te r  a f t e r  e x t r a c t i n g  a t  450°C i s  one-hal f  t h a t  l e f t  by mod i f i ed  
F i sche r  assay, and i t  i s  probably  one-quar ter  o r  l ess  o f  t h a t  which would be gener- 
a t e d  du r ing  p ro to type  commercial r e t o r t i n g .  I n  a d d i t i o n ,  t he  data shows organic  
ma t te r  removal occu r ing  below 45OOC can be g r e a t e r  than t h a t  found w i t h  p r o t o t y p e  
r e t o r t i n g .  C e r t a i n  process advantages associated with t h e  r e s u l t s  could occur, 
namely those associated w i t h  near q u a n t i t a t i v e  removal o f  organic  ma t te r  and w i t h  
t h e  presumably lower  gas genera t i on  associated w i t h  lower  temperatures and reduced 
cha r  formation. 

The r e s u l t s  are not  opt imized.  Quest ions regard ing temperature, so l ven t  power, 
so lu te -so l ven t  r a t i o ,  pressure, p a r t i c l e  s ize,  and the  k i n e t i c s  associated w i t h  
r e a c t i o n s  i n  the  non-gaseous and SCG phases are open. A quest ion o f  immediate 
i n t e r e s t  i nvo l ves  t h e  temperature dependence o f  t he  data i n  t h e  330' t o  393'C range. 
Several d e s c r i p t i o n s  o f  t h e  k i n e t i c s  d e s c r i b i n g  o i l  shale decomposit ion i n  i n e r t  
atmospheres w i thou t  so l ven t  e f f e c t s  have been pub l i shed  (2,14,15). The work i n d i -  
ca tes  o i l  shale organic  m a t t e r  can be cha rac te r i zed  as two mate r ia l s ,  kerogen and 
bitumen, the l a t t e r  be ing benzene so lub le.  Thermal decomposit ion o f  t he  m a t e r i a l s  
can be descr ibed by a k i n e t i c  mechanism i n v o l v i n g  two consecut ive f i r s t  order  
r e a c t i o n s :  
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1) 
k l  

Kerogen ----> Bitumen + Gas t Char 

2)  
k 2  

Bitumen ----> O i l  t Gas t Char 

The temperature dependence o f  both r a t e  constants  i s  a v a i l a b l e  f o r  t h e  400°C t o  
525'C range (15). E x t r a p o l a t i o n  o f  t he  very l i n e a r  I n  k versus 1 / T  ( O K )  dependence 
o f  k l  i n t o  the 330" t o  393°C range o f  i n t e r e s t  should y i e l d  reasonably accurate 
k l  values unless a change i n  the  p y r o l y s i s  mech$nism-pccurs over the range of t he  
ex t rapo la t i on .  A t  350", kl then equals 3 x 10- sec , and the  corresponding f i r s t  
o rde r  h a l f  l i f e  o f  kerogen du r ing  convers ion 

t h e  observed temperature dependent e x t r a c t i o n  y i e l d  i s  no t  p r e d i c t a b l e  i f  t h e  i n d i -  
ca ted  k i n e t i c s  are a p p l i c a b l e  t o  these SCG experiments. 
e x t r a c t i o n  mechanism cou ld  be present .  

Solvent theory i s  use fu l  i n  examining t h i s  p o s s i b i l i t y .  The theo ry  of SCG 
e x t r a c t i o n  i s  c u r r e n t l y  approached by t r e a t i n g  the dense gas e i t h e r  as a h i g h l y  com- 
pressed gas o r  as an expanded l i q u i d .  The sub jec t  has been reviewed r e c e n t l y  ( 5 ) .  
and i t  i s  c l e a r  t h a t  some success has occurred i n  p r e d i c t i n g  single-component s o l u -  
b i l i t i e s  i n  s u p e r c r i t i c a l  gases. However, a p p l i c a t i o n  has not been made t o  h i g h l y  
complex hydrocarbon mixtures,  such as o i l  and coal ex t rac ts .  A use fu l  a l t e r n a t i v e  
has been t o  extend t h e  concept o f  s o l u b i l i t y  parameter, which i s  r e g u l a r l y  used i n  
understanding l i q u i d  so lu t i ons ,  t o  s u p e r c r i t i c a l  gases. 

o bitumen would be 230 sec. Ex t rac -  
t i o n  t imes i n  t h i s  work were approx imate ly  10 5 sec a t  constant  temperature, and 

A temperature dependent SCG 

The s o l u b i l i t y  parameter concept, developed by Hi ldebrand (17) and Scatchard 
(18), i s  based on the  concept o f  cohesive energy d e n s i t y  and the  w e l l - t e s t e d  precept  
t h a t  a c o r r e l a t i o n  e x i s t s  between cohesive energy d e n s i t y  and the mutual s o l u b i l i t y  
o f  substances. The s o l u b i l i t y  parameter i s  de f i ned  as: 

\ 

6 = ( E / V ) I I 2  3 )  

/ where 6 i s  i n  ( ~ a l / c m ~ ) l / ~ ,  E i s  t he  energy requ i red  t o  conver t  one mole o f  a given 
substance from the  s t a t e  o f  i n t e r e s t  t o  an i n f i n i t e l y  expanded gas, t he  cohesive 
energy, and V i s  t he  molar  volume o f  the substance i n  the  s t a t e  o f  i n t e r e s t .  It has 
been shown t h a t  t he  f r e e  energy o f  m ix ing  i s  min imized and complete m i s c i b i l i t y  . 
occurs f o r  non-polar l i q u i d s  when the  6 o f  both so l ven t  and s o l u t e  are equal. 
L i m i t e d  s o l u b i l i t y  occurs when 6 values d i ve rge  s u f f i c i e n t l y .  The concept has a l s o  
been extended t o  s o l i d s  and p o l a r  l i q u i d s .  I n  a d d i t i o n ,  the t h e o r e t i c a l  eva lua t i on  
o f  s o l u b i l i t i e s  based on s o l u b i l i t y  parameters i s  develop ing (19). 

The Van der Waals constant  "a" from the  equat ion o f  s t a t e  f o r  gases has been 
used t o  est imate s o l u b i l i t y  parameters f o r  l i q u i d s  (17), and the  success has l e d  t o  
t h e  d e r i v a t i o n  o f  the f o l l o w i n g  r e l a t i o n  f o r  e s t i m a t i n g  6 values f o r  s u p e r c r i t i c a l  
gases (20): 

where 6 and 61 a r e  t h e  s o l u b i l i t y  parameters of t h e  gas and t h e  room tempera- 
t u r e  l i q i i d ,  and dg and d l  a r e  the  d e n s i t i e s  of t h e  gas and the  room temperature 
l i q u i d .  
w i t h  densi ty ,  and t h e r e  i s  no p r o v i s i o n  f o r  temperature. This i s  a d i r e c t  r e s u l t  of 
t h e  use o f  t h e  Van der Waals equat ion i n  the  d e r i v a t i o n .  

The equat ion i n d i c a t e s  the  s o l u b i l i t y  parameter o f  a SCG va r ies  d i r e c t l y  
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The s o l u b i l i t y  parameter o f  m a t e r i a l s  f o r  which values o f  the cohesive energy 
and/or molar  volume are unava i l ab le ,  such as o i l  shale bitumen, can be est imated by 
us ing  c o r r e l a t i o n s  between 6 and t h e  r e f r a c t i v e  index (21). The f o l l o w i n g  
es t ima t ion  i s  used: 

where n i s  t he  r e f r a c t i v e  index and C i s  a constant  rep resen ta t i ve  o f  t h e  chemical 
compound type. C ranges from a low o f  approx imate ly  230 f o r  branched a l i p h a t i c  
polymers t o  a h igh  o f  353 f o r  a l i p h a t i c  e s t e r  polymers. The average value o f  C over 
a broad range o f  compounds, i n c l u d i n g  but  not  l i m i t e d  t o  polymers, i s  about 308. I f  
i t  i s  assumed t h a t  t he  bitumen produced i n  t h i s  exper imentat ion has about the same 
atomic makeup as o i l  sha le  kerogen, namely C200H30 SN5011 (22), then the ma te r ia l  
should con ta in  a broad range o f  chemical f u n c t i o n a f  groups, i n c l u d i n g  l a r g e  c o n t r i -  
bu t i ons  f rom unsaturated and heteroatomic groups. Th is  assumption i s  cons i s ten t  
w i t h  r e s u l t s  from analyses o f  shale o i l  which show a rough d i s t r i b u t i o n  amounting t o  
11 w t %  s a t u r a t e d  hydrocarbons, 18% o l e f i n s ,  10% aromat ics,  36% n i t r o g e n  compounds, 
6% s u l f u r  compounds, and 19% oxygen compounds (23). The va lue of  C used w i t h  Equa- 
t i o n  5 f o r  t he  o i l  shale bitumen i s  acco rd ing l y  chosen as the broad range value of  
308. The room temperature values f o r  t he  r e f r a c t i v e  index of  the bitumen and t h e  
o i l  ex t rac ted  i n  t h i s  work are 1.62 and 1.59, and Equat ion 5 y i e l d s  an average room 
temperature s o l u b i l i t y  parameter es t ima te  f o r  t he  compounds compr is ing the  bitumen 
o f  10.4. A somewhat h ighe r  va lue can be de r i ved  from a c o r r e l a t i o n  based on the 
Lorentz-Lorenz f u n c t i o n  (21). 
t h e  f o l l o w i n g  r e l a t i o n s h i p  de r i ved  f o r  po lymer ic  m a t e r i a l s  (24): 

The va lue o f  10.4 has been temperature co r rec ted  w i t h  

1.13 

62 = 61[?] 

where 61 and 62 a r e  t h e  s o l u b i l i t y  parameters a t  the re fe rence  temperature and 
t h e  temperature o f  i n t e r e s t  and d l  and d2 a r e  the  respec t i ve  dens i t i es .  Basing 
t h e  dens i t y  change o f  t he  bitumen between roan and exper imentat ion temp ra tu res  on 
t h e  vo lumet r i c  expansion c o e f f i c i e n t  f o r  pet ro leum a t  lOO"C, namely 10-5/oC, 
y i e l d s  est imates o f  t he  s o l u b i l i t y  parameter o f  t h e  bitumen ranging f rom 7.7 a t  
330°C t o  7.3 a t  393'C. 

A comparison between t h e  es t ima ted  s o l u b i l i t y  parameters of  t he  bitumen and 
s u p e r c r i t i c a l  gas so l ven ts  can now be made t o  determine i f  a temperature dependent 
e x t r a c t i o n  cou ld  be expected. Fo r  SCG t o l u e n e  a t  t he  0.53 gm/cc dens i t y  used, t he  
es t ima ted  s o l u b i l i t y  parameter based on Equat ion 4 i s  5.5, compared t o  t h e  7.3 t o  
7.7 est imated f o r  t h e  bitumen. I n  normal p r a c t i c e  these 6 values should be s u f f i -  
c i e n t l y  d i f f e r e n t  t o  a l l o w  p r e d i c t i o n  o f  a temperature-dependent, l i m i t e d  s o l u b i l i t y  
f o r  t h e  bitumen i n  s u p e r c r i t i c a l  to luene.  A h igher  6 SCG might be needed t o  e l i m i -  
na te  temperature dependent e x t r a c t i o n  e f f e c t s  and inc rease  the  o v e r a l l  e x t r a c t i o n  
e f f i c i e n c y  at  temperatures below 400°C. 

E x t r a c t i o n  w i t h  p y r i d i n e  a t  363°C was performed t o  t e s t  t h i s  p o s s i b i l i t y ,  and a 
comparison of r e s u l t s  between e x t r a c t i o n  w i t h  to luene  and p y r i d i n e  i s  i nc luded  i n  
F i g u r e  1 and Table 1. E x t r a c t i o n  e f f i c i e n c y  i s  increased by about 1/6 w i t h  p y r i -  
dine, which has an Equat ion 4 S o f  6.0 under exper imenta l  cond i t i ons .  This s i n g l e  
r e s u l t  needs con f i rma t ion .  However, both organic  carbon and organic  hydrogen 
e x t r a c t i o n  increase by t h e  same amount w i t h  p y r i d i n e ,  and it i s  concluded t h a t  
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exper imentat ion w i t h  y e t  a h ighe r  s o l u b i l i t y  parameter SCG migh t  r e s u l t  i n  
a d d i t i o n a l l y  enhanced e x t r a c t i o n  a t  temperatures below 400°C. 
might  a l s o  be improved, bu t  t h e r e  i s  l i t t l e  p r a c t i c a l  i n c e n t i v e ,  because of t h e  h igh 
e x t r a c t i o n  e f f i c i e n c y  a l ready  found. 

Resul ts  above 40OoC 
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